We have determined the genomic map of the bacterium Salmonella typhi Ty2, the causal organism of typhoid fever, by using pulsed-field gel electrophoresis. Digestion of the Ty2 genome with endonucleases Xba I, Bln I, and Ceu I yielded 33, 26, and 7 fragments, respectively, that were placed in order on a circular chromosome of 4780 kb. Transposon TnlO was inserted in specific genes of Salmonella typhimurium and transduced into S. typhi, and thus, the positions of 37 S. typhi genes were located through the Xba I and Bln I sites of the TnlO. Gene order on chromosomes of Escherichia coli K-12 and S. typhimurium LT2 is remarkably conserved; however, the gene order in S. typhi Ty2 is different, suggesting it has undergone major genomic rearrangements during its evolution. These rearrangements include inversions and transpositions in the 7 DNA fragments between the seven rrn operons for rRNA (postulated to be due to homologous recombination in these rrn genes), another inversion that covers the replication terminus region (resembling inversions found in other enteric bacteria), and at least three insertions, one as large as 118 kb. Partial digestion of genomic DNA with the intron-encoded endonuclease I-Ceu
Preservation of the gross genomic organization of enteric bacterial chromosomes is a striking example of evolutionary conservation. The genetic maps of Escherichia coli K-12 and Salmonella typhimurium LT2, which diverged >100 million years ago (1) , are very similar (2, 3) as are the recently determined physical maps of the genomes of E. coli (4-7), S. typhimurium (8) , Salmonella enteritidis (9) , and Salmonella paratyphi B (10) . In contrast to the stability of these chromosomes during evolution, chromosomes of cultured enteric bacterial cells frequently rearrange. Duplications of segments of the chromosome occur at high frequencies (10-2 to 10-5) (11) (12) (13) , and deletions are also frequent. In contrast, inversions may be less common; at some sites they occur at low frequency and at other sites they were undetectable (14) (15) (16) . However, inversions with endpoints in the seven copies of the rrn (rRNA) operons are fairly common in E. coli (17) . This high frequency of rearrangements, combined with the stability of the chromosome through evolution, indicates that significant pressures must exist to maintain the order of genes. In this report we show that Salmonella typhi is an exception to the conservation of chromosomal gene order seen in other enteric bacteria, because its chromosome shows major rearrangements in gene order in wild-type strains.
S. typhi is the causal organism of typhoid fever, which is a major public health problem in less-developed areas of the world: 13 million cases per year are estimated, exclusive of China (18) . Typhoid fever is a severe prolonged disease with a high rate of complications (19) . Some vaccines are available, but considerable work is still needed (20) . S. typhi has been studied much less than S. typhimurium; detailed genomic information of S. typhi will be important for developing improved vaccines and for determining the basis for pathogenicity.
MATERIALS AND METHODS
Bacterial Strains, Phages, Plasmids, and Cultivation Conditions. S. typhi H251.1 was derived from wild-type strain Ty2 and carries an aroC mutation that reduces pathogenicity; it was provided by David Hone (University of Maryland Scho6l of Medicine, Baltimore) (21) . S. typhi 25T-40, 9032-85, and 3137-73 are independent wild-type strains of S. typhi, obtained from Laboratory Centers for Disease Control, Ottawa, and Centers for Disease Control and Prevention, Atlanta. Cells were routinely grown in LB broth (8) or on LB agar (with 1.5% agar added). Modified Davis minimal medium (8) was used as a defined medium. For growth of H251.1 in defined medium, the following supplements were added (each to 100 ,ug/ml): tryptophan, tyrosine, phenylalanine,p-aminobenzoic acid, and 2,3-dihydroxybenzoic acid. For growth on L-agar, only 2,3-dihydroxybenzoic acid was added.
Phage P22HT105/int was propagated in strains of S. typhimurium that have transposon TnlO insertions at known locations on the genetic and genomic cleavage maps. These lysates were used to transduce S. typhi H251.1 to Tn10, by using selection for tetracycline resistance. The frequency of transduction was low, as observed (22, 23 (8) (9) (10) 25) .
Abbreviation: PFGE, pulsed-field gel electrophoresis.
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Genomic DNA fragments from endonuclease digestions were excised from agarose gels, digested with a second endonuclease, end-labeled with 32P, electrophoresed, and autoradiographed as described (9, 10) .
RESULTS
The chromosomal DNA of S. typhi H251.1, derived from wild-type S. typhi Ty2, was digested with endonucleases Xba I, Ceu I, and Bln I (= Avr II), and the fragments were separated by PFGE, as described (8); digestions produced 33, 7, and 26 fragments, respectively (Fig. 1) . A genome of -4780 kb was indicated by measuring and summing the fragments. The order of the fragments was determined to produce circular maps (Fig. 2 ) by two methods: (i) double digestion [i.e., fragments from digestion with one enzyme were excised from the gel, digested with another endonuclease, and electrophoresed again (8)] or (ii) TnlO analysis [i.e., TnlO (which contains Xba I and Bln I sites) was transduced by using phage P22 from strains of S. typhimurium that have TnlO inserted in specific genes into homologous genes in S. typhi and then located on the S. typhi genome by identifying the new Xba I and Bln I sites]. These methods allowed the unambiguous and ordered assignment of practically all fragments around a circular 4780-kb chromosome (Fig. 2 ). In addition, 37 genes were located through the positions of known TnlO transposons; the seven rrn genes corresponded to the locations of Ceu I sites (25) .
Comparison of the genomes of S. typhi Ty2, S. typhimurium LT2 (which resembles other species of Salmonella), and E. coli K-12 revealed three types of changes (Fig. 3) . First, although all these species have seven rrn operons, the order of the genomic segments between rrn operons was altered. The individual Ceu I fragments of S. typhi were identified as the corresponding homologous Ceu I fragments of LT2 through analysis of genes with TnlO insertions. For example, fragment 1 2 1234 3
Ceu I-A in both species was -2400 kb withproBA and purE at one end andpurC at the other. Fragment Ceu I-B had the genes tyrA-proU-metC-argG in both species, and Ceu I-G had the genes mel-poxA-pyrB-thr-pan. However, the linkage of these fragments to Ceu I-A in S. typhi vs. S. typhimurium was reversed; in S. typhi, proAB and tyrA were closely linked and purG andpan were closely linked (Figs. 2 and 3) . We illustrate the Ceu I-A fragment of S. typhi in the same orientation as that of S. typhimurium, but since linkage of Ceu I-B and -G to Ceu I-A was reversed, the thr gene, taken as 0 unit on the linkage maps of S. typhimurium and E. coli, was at -60 units and other genes were similarly displaced. In S. typhimurium, the Ceu I fragments were designated A to G clockwise around the chromosome. In S. typhi all except fragment Ceu I-F were identified through genes with TnlO insertions (Ceu I-F was identified by size) (Fig. 2) . We have retained the S. typhimurium designations for the Ceu I fragments in S. typhi, thus the order of the Ceu I fragments in S. typhi, clockwise around the chromosome, is A-G-C-E-F-D-B. We cannot unambiguously identify the rrn genes that are equivalent to those of S. typhimurium; we assigned symbols based on the rearrangements shown in Fig. 5 , by assuming that the operons are hybrids due to homologous recombination. All S. typhi strains tested have indistinguishable sizes of the Ceu I fragments. The second type of change was an inversion of the pncXompD-oxrA-trp-ch1C region compared with the gene order in S. typhimurium LT2 (Fig. 3) ; this resembles a longer inversion in S. enteritidis (which includes the same genes plus flgL and fliC) (9) and an inversion of similar size in E. coli (8, 26, 27 ). Fig. 3 ). Gene locations are based on the positions of Xba I and Bln I sites in the TnlO transposons in specific genes that were transduced from S. typhimurium; the numbers beside the genes are the locations in kb. Six tiny Xba I fragments (Q through V) are enlarged for clarity at "3100 kb. The rrn genes are designated according to the corresponding operons of S. typhimurium, by assuming that the genomic rearrangements have occurred as in Fig. 5 ; e.g., rrnG/H and rrnH/G indicate that recombination is postulated between rrnG and rrnH. All these inversions include the terminus (Ter) region, at which DNA synthesis terminates after beginning at oriC on the opposite side of the chromosome.
The third type of change involved three postulated insertions of DNA in S. typhi. An insertion of -44 kb in Ceu I-D, indicated by the larger size of this fragment in S. typhi (136 kb) than in S. typhimurium (92 kb) (Fig. 4) , appeared to be between rrnE/C and ilvA since this interval was 53 kb in H251.1 ( 2) but only 9 kb in S. typhimurium (8) . Similarly, an insertion of -118 kb was seen in Ceu I-G; this fragment was larger in S. typhi than in S. typhimurium, and the space betweenpoxA and mel was 171 kb in H251.1 but only 53 kb in S. typhimurium. A third insertion was indicated by the six very close Xba I fragments, Xba I-Q to -V (Fig. 2) , not seen in any other species.
Is the rearranged order of Ceu I fragments in S. typhi H251.1 due to changes that occurred in culture after isolation of the strain S. typhi Ty2 (from which strain H251.1 is derived) or is this the order in wild-type S. typhi strains? Partial digestion with Ceu I revealed the order of some of the Ceu I fragments (Fig. 4) and showed that these rearrangements are not due to changes that occurred since the strain was first isolated; these changes are present in many different wild-type strains. In E. coli K-12 (lane 1) and S. typhimurium LT2 (lane 2), Ceu I-F was 44 kb and -D was 92 kb, whereas fragment E was 130 kb in E. coli and 145 kb in S. typhimurium; partial digestion produced bands that were the sum of fragments DE, EF, and DEF, but no DF band was observed. The bands with partial digestions were confirmed by excising the bands from the gel and digesting them again with Ceu I, followed by PFGE separation. The order Ceu I-DEF, known from genetic maps of these two genera (8) , was thus confirmed. In S. typhi H251.1 (lane 3) and 25T-40 (lane 4), Ceu I-DF, -EF, and -EFD were present as partial digestion fragments but not fragment ED; this confirms the order of Ceu I fragments proposed earlier for H251.1 (Figs.  2 and 3 ) and shows that this same order is found in an independent wild-type S. typhi, strain 25T-40. Other partial digestion data showed that fragments Ceu I-C and -E are adjacent. These linkages are illustrated in Fig. 4B ; the order of fragments found in Ty2 and 25T-40 is arbitrarily called type I. -DISCUSSION
We assume that S. typhi must have evolved, due to homologous recombination between rmn genes, from an ancestral Salmonella strain with Ceu I fragments arranged in the order found in S. typhimurium and E. coli; a possible pattern of evolution is shown in Fig. 5 that could yield the order of Ceu I fragments found in S. typhi Ty2. Other orders of events could yield this strain, and certainly other events occurred to yield the different genomic orders seen in other S. typhi strains (Fig. 4) .
Inversions resulting from recombination in the rrn genes can reduce the fitness of E. coli K-12 cells (17) . An inversion primarily in phagocytic cells in the liver and spleen and can establish persistent long-term infections (19) . However, it is also possible that the basis for the initiation of the genomic rearrangements shown in Fig. 5 DNA-DNA reassociation data indicate that S. typhi is closely related to other species of Salmonella (32) . Multilocus enzyme electrophoresis reveals that S. typhi strains represent a very small number of closely related clones, quite distinct from other Salmonella species (33, 34) . However, in spite of these indications that S. typhi strains are closely related, rRNA gene restriction patterns showed a surprisingly high degree of variation (35) ; this variation may result from the genomic rearrangements around rrn genes that we observe (Fig. 4B) . These genomic rearrangements and the DNA insertions may play a role in virulence of S. typhi.
Note Added in Proof. The enzyme I-Ceu I has been recently used (36) for analysis of the genome of Rhizobium meliloti to show that the rrn genes of R meliloti are clustered in one part of the chromosome and oriented so that transcription occurs away from a single point of the genome.
